G rain sorghum and groundnut are important crops for soil that has relatively more clay content in the West Africa Sahel and Sudan Savanna while production on sandier soil is dominated by pearl millet [Pennisetum glaucum (L.) R. Br.] cowpea [Vigna unguiculata (L.) Walp] intercropping (Reddy et al., 1992) . Both sorghum and groundnut are also intercropped with pearl millet or maize (Zea mays L.) but the sorghum-groundnut intercrop system is especially important and is estimated to account for 6% of crop production area in Niger (Ministère de l'Agriculture/Direction des Statistiques Agricoles, 2014) . Th e intercrop system is common in the semiarid tropics where the growing season is short and inadequate soil water and nutrient availability are major constraints (Siddig et al., 2013) . Th e popularity of the system indicates sorghum and groundnut compatibility in intercrop with each crop exploiting available resources such as radiation diff erently for higher productivity and less risk with the intercrop compared with sole crop (Bationo and Ntare 2000) . Langat et al. (2006) reported that intercropping sorghum and groundnut may increase, decrease, or not aff ect yields of sorghum and groundnut depending on the spatial arrangements of the intercrops. However, growing sorghum and groundnut in intercrop enhances land use effi ciency compared with sole crop production (Harris et al., 1987; Azam-Ali et al., 1990; Tefera and Tana, 2000) .
Sorghum and groundnut response to applied nutrients has not been studied much in the Sahel. Th e mean sorghum grain yield increase with 30 kg ha -1 N applied was 1.8 Mg ha -1 which was about 100% more than the yield under no fertilizer across 5 SY in Niger (Pandey et al., 2001) . Unpublished results from research conducted at Fana, Kita, and Sikasso in Mali over 4 yr in the 1970s show a mean sorghum yield increase of 0.76 Mg ha -1 with 30 kg ha -1 N applied and 0.79 Mg ha -1 with 10 kg ha -1 P applied aBStract Sorghum (Sorghum bicolor L. Moench)-groundnut (Arachis hypogaea L.) intercropping is important in the Sahel and Sudan Savanna. Nineteen trials were conducted during 2014 and 2015 in Mali and Niger for determination of: response functions for sorghum sole crop (SSC) and intercrop to N, P, and K; eff ects of the P×N interaction and of a nutrient package for diagnosis of other defi ciencies; and a procedure for estimation of intercrop functions from SSC response functions. Six Niger on-station trials included treatments for determination of intercrop eff ects on sorghum yield and response. Mean grain and fodder yield increases for SSC were, respectively, 18.8 and 17.6% with 10 kg ha -1 P, 30.7 and 18.8% with 30 kg ha -1 N, and 0 and 6.8% with 10 kg ha -1 K applied. Th e diagnostic treatment increased grain yield for only 1 of 19 site-years (SYs). Sorghum grain yield was 30% less with intercropping compared with SSC for 2 of 6 SY but 11% less overall. Overall, sorghum fodder yield was 23% more with intercropping. Sorghum response to P was 86% greater for SSC compared with intercrop. With intercropping, groundnut pod yield exceeded sorghum grain yield. Th e value of intercrop production was higher than for SSC. Fodder added 23 and 30% to the value of SSC and intercrop harvests, respectively. Equations were developed for determining optimal nutrient rates and intercrop response functions from SSC functions. Fertilizer applied to the intercrop compared with SSC has much more profi t potential for this part of West Africa. Abbreviations: 0N, 0 kg ha -1 nitrogen applied; 60N, 60 kg ha -1 nitrogen applied; CP, kilogram of sorghum required to equal the cost of 1 kg of nutrient applied; EOR, economically optimal rate of nutrient application or the rate expected to maximize net return to nutrient application; GnSo, the ratio of groundnut pod value to sorghum grain value with GnSo4 meaning that the value of groundnut pods was four times that of sorghum grain, kg kg -1 ; NwP, response to nitrogen with uniform applications of some level of phosphorus; PwN, response to phosphorus with uniform applications of some level of nitrogen; KwNP, response to potassium with uniform applications of some level of nitrogen plus phosphorus; OC, organic carbon; SSC, sorghum sole crop; SY, site-year.
core ideas
• Sorghum-groundnut intercropping is agronomically and economically important in West Africa.
• Intercrop nutrient response functions are needed to maximize profi t from fertilizer use.
• Intercrop response functions can be estimated from sole crop responses.
(compiled by L. Toure and M. Dicko, 2013, unpublished report: Optimizing fertilizer use in Mali: Sorghum). In other studies, SSC grain yield increases with 30 kg ha -1 N were 1.8 Mg ha -1 in Nigeria (Ogunlela and Yusuf 1988 ) and 1.4 Mg ha -1 in Uganda (Kaizzi et al., 2012a) , and with 10 kg ha -1 P were 0.16 Mg ha -1 in Ghana (Buah et al., 2012) and 0.29 Mg ha -1 in Uganda (Kaizzi et al., 2012a) . Grain yield of SSC was not affected by K applied in Nigeria (Ogunlela and Yusuf, 1988) and Uganda. Groundnut sole crop yield was increased in Nigeria by about 0.22 Mg ha -1 with 10 kg ha -1 K but was decreased with N application (Lombin et al., 1985) . Groundnut responses to 10 kg ha -1 P applied were 0.33, 0.22, 0.23, and 0.63 Mg ha -1 in Ghana (Naab et al., 2009) , Nigeria (Kamara et al., 2011) , Niger (Bationo et al., 1991) , and Uganda (Kaizzi et al., 2012b) , respectively. However, no results for the intercrop response to applied nutrients have been found and intercrop response has not been linked to sole crop response nutrients. Point application of P can result in substantial sorghum yield increases with low application rates (Palé et al., 2009) . Response to N has been increased with water conservation practices (van Duivenbooden et al., 2000) and manure application to sandy soil in the Sahel (Baidu-Forson and Bationo, 1992) . Information on sorghum and groundnut sole crop and intercrop responses to applied nutrients is scarce for West Africa, and especially the Sahel. Therefore, the objectives of this research were to: determine the responses of these crops to N, P, and K in the Sahel; develop a procedure for determining sorghum groundnut intercrop nutrient response functions from sorghum sole crop (SSC) functions; and determine the economically optimal nutrient rates and profit potential of fertilizer use for these crops.
Material and MethodS

experimental Sites
In Niger, the sorghum groundnut trials were established in 2014 and 2015 on-station at Tarna/Maradi (Maradi), Bengou and Birnin Konni (Konni), and on-farm in the neighboring villages (Fig. 1) . The trials in Mali were in 2014 for sorghum sole crop including on-farm trials with three at Bema, three at Kebile, and one at Kolombada plus on-station trials at Bema and Kebile. Soil samples of 0-to 20-cm depth were taken from 10 to 15 points to form composite samples for each block, air-dried, and sieved through a 2-mm sieve. The samples were sent to the World Agroforestry Centre in Nairobi, Kenya, for determination of particle size distribution, pH, organic carbon (OC), total N, Mehlich-3 P, and exchangeable bases and available micronutrients extracted with Mehlich 3.
The soils were determined to be: Arenosols at Konni and Maradi; ferric Luvisols at Bengou, Kebile, and Kolombada; and calcic Cambisol at Bema (FAO, 2006) . With the exception of Bema, soil pH ranged from 5.4 to 6.5 with 1.3 to 4.8 g kg -1 OC, low total N, Mehlich-3 P of 8 to 88 mg kg -1 , low exchangeable bases, and 300 to 863 g kg -1 of sand (Table 1 ). The soils of the Mali sites tended to have more soil OC but lower P availability compared with the Niger sites.
Rainfall from planting to harvest ranged from about 200 mm for Maradi in 2014 to approximately 600 mm at Bengou in 2015 (Fig. 2) . Rainfall ceased more than 1 mo before harvest for Maradi in 2014 and Konni in 2015 but continued to shortly before harvest for some SY such as at Bengou 2014 and 2015. Depending on planting date, crops were especially susceptible to the stress of soil water deficits from Day 220 to 265 or the period of rapid vegetative growth through grain set. During this period, 10-d intervals with <30 mm of rainfall occurred on average 1.9 times per SY with four and three at Maradi in 2014 and 2015, and none at Bengou. Such low rainfall periods coupled with sandy soil likely constrained crop yields. Measured rainfall was not available for the Mali sites and July, August, September, and October amounts for 2014 determined from satellite sensed infra-red data (CHIRPS, 2017) were, respectively: 86, 199, 77, and 19 mm for Bema; 118, 168, 120, and 45 mm for Kolombada; and 167, 299, 196 , and 101 mm for Kebile.
experimental design
The experimental design was a randomized complete block design with three replications for the on-station trials ( Table 2 ). The on-farm trials included configurations of three blocks per farm, or of four to six blocks with each on a different farm. Plot size was 6 by 6 m. The treatment structure was similar in both countries and an incomplete factorial that allowed for the determination of N, P, and K response functions as well as the N × P interaction. It had five P levels with 40 kg ha -1 N in Niger, or 60 kg ha -1 N in Mali, uniformly applied (PwN) or 0N. The four N levels had 22.5 kg ha -1 P uniformly applied (NwP), and the four levels of K levels had 40 kg ha -1 N and 22.5 kg ha -1 P uniformly applied (KwNP). A diagnostic treatment was included consisting of 40, 22.5, 20, 15, 10 , 2.5 and 0.5 kg ha -1 N, P, K, S, Mg, Zn, and B, respectively, and was comparable to the treatment with the same NPK rates. In the Niger on-station trials, treatments 1 to 16 were for SSC and treatments 17 to 21 were for sorghum-groundnut intercropping. These on-station trials had a uniform broadcast application of 2.5 Mg ha -1 farmyard manure before planting. The manure had 8.3 pH with a mean C/N ratio 18.6 and contained 10.9, 1.1, 7.3, 2.3, 0.8, 0.02, and 0.05 kg Mg -1 of N, P, K, Mg, S, Zn, and B, respectively. The on-farm trials in Mali and Niger had 16 treatments of similar structure but with no manure applied, no intercrop treatments, and different N and P rate increments for the Mali trials.
The nutrient sources were urea, triple super phosphate, KCl, MgSO 4 (kieserite) with 15% Mg and 22% S, zinc sulfate monohydrate with 34% Zn and 18% S, and borax with 14.5% B. All nutrient application rates were specified in the elemental form.
Management Practices
The land was plowed to 15 cm or more depth and harrowed. The sorghum variety was SSD35 in Maradi and Konni, and Sepon 82 in Bengou with 85 to 90 d to reach maturity and a yield potential of 1.5 to 2.0 Mg ha -1 . The groundnut variety was ICIAR19BT with 80 to 85 d to maturity and yield potential of 1.5 Mg ha -1 in sole crop. The sorghum variety in Mali was Jakumbẻ. The seeds for both sorghum and groundnut were treated with fungicide Apron Star 42W (Syngenta product containing active ingredients thiamethoxam, mefenoxam, and difenoconazole with 20, 20, and 2 g kg -1 a.i.; 5 g kg -1 seed) to control fungal root and stem diseases and to promote vigorous seedling growth. Sorghum was sowed manually at a depth of 5 cm on 3, 27, and 30 July in 2014 and 21 July, 9 July and 27 June in 2015 at Konni, Bengou, and Maradi, respectively. Sorghum was sown at 1.0 by 0.5 m for SSC and 1.5 by 0.50 m spacing for intercrop, with two rows of groundnut sown between two rows of sorghum for intercropping. The P, K, half of the N, and diagnostic fertilizers were point applied 5 to 10 cm from the hills and incorporated 7 to 10 d after crop seedling emergence. The remaining N fertilizer was applied at the sorghum boot stage. Manual hand-hoe weeding was conducted at 3 and 6 wk after sowing. The seedlings were thinned to three plants per hill for sorghum after the first weeding. Sorghum was harvested in October except for the 18 Nov. 2015 harvest at Konni. Site and crop management was very similar in Mali except that plant spacing was at 0.8 by 0.8 m and the soil was ridged around the plants with or following the second weeding.
The Analysis of Variance
Data collected from the two central rows of 4 m length included: number of plants and grain and fodder yield. The ANOVA was combined across sites or SY. Sites or SY and replications were considered as random variables and nutrient rate treatments as fixed variables with Statistix 10 Software (Analytical Software, Tallahassee, FL). Trial variance was homogeneous for Mali trials, low for Konni 2014 compared with other on-station trials in Niger but these trials were analyzed by SY once the treatment × SY interaction was found to be significant. The on-farm trials in Niger were analyzed as two groups due to differing variance but the ANOVA results were similar with results reported as one set of trials. Effects were considered significant at P < 0.05. Plant number was used as a co-variate in the ANOVA when independent of treatments and when statistically significant. When the treatment × SY (T × SY) interaction was significant, the analysis was conducted by SY. The P rate main and interaction effects were further analyzed with an ANOVA for the first 10 treatments (Table 2) . Orthogonal contrasts were used to test the effects of the N and K rates, the diagnostic treatment, intercropping on sorghum yields, and nutrient application on intercrop yields. Table 2 . Sorghum sole crop and sorghum-groundnut intercrop treatment structures with N, P and K rates for trials conducted in the Sahel and northern Sudan Savanna.
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‡ The Mali trials did not have manure application and intercrop treatments. § Diagnostic treatment that also included S, Mg, Zn, and B.
Determination of Response Functions Yield responses were standardized as curvilinear to plateau responses using the asymptotic function Y = a -bc r where Y = yield, a = yield at the plateau, b = the maximum yield increase due to application of the nutrient, c = a curvature coefficient, and r = the nutrient application rate (Kaizzi et al., 2012a (Kaizzi et al., , 2012b . Linear regression was applied when a realistic asymptotic function failed to converge due to linear effects of nutrient rates. Therefore, response functions were determined from treatment means, including for cases of nonsignificant treatment effects.
Occasionally the yield response data did not allow realistic determination of asymptotic response functions with Statistix 10, such as with quadratic effects, inconsistent effects of increasing nutrient levels, and with incomplete sets of nutrient levels as for intercrop yields in the on-station trials. These results needed to be considered in developing a basis for improved fertilizer use decisions by farmers. An Excel calculator was developed to determine the asymptotic coefficients to give the best fit of yields predicted by the equation with the measured results. In using this calculator, the zero nutrient yield was as measured. The coefficient a value was determined in consideration of the results. With linear effects, which cannot continue indefinitely, coefficient a was set equal to the yield with the highest nutrient level plus 40% of the difference in yield for the two highest rates. For example, if yield with 22.5 kg ha -1 P is 3.00 Mg ha -1 and the yield increase with the 15 to 22.5 kg ha -1 P was 0.20 Mg ha -1 , than a = 3.00 + 0.20 × 0.4 = 3.08 Mg ha -1 . When the highest yield was not with the highest nutrient rate, coefficient a was set equal to the mean yield for two or more upper nutrient rates, for example, if yield with 15 kg ha -1 P applied was 3.20 Mg ha -1 and with 22.5 kg ha -1 P applied was 3.10 Mg ha -1 , then a = 3.15 Mg ha -1 . Coefficient b was determined by subtracting the zero nutrient yield from coefficient a. Coefficient c was then determined as the curvature value that gave the best fit of the predicted with the measured yields. However, coefficient c was restricted to a minimum of 0.75 for P and K and 0.80 for N to avoid abrupt predicted yield increases at low nutrient rates in cases where coefficient a was not greater than the yield with the lowest applied nutrient rate. The analysis was done for cases of nonsignificant nutrient effects as well.
The nutrient rate sets were incomplete for intercrop treatments in the Niger on-station trials. Assumptions, based on an approximation of the most typical response curve using a dataset of approximately 5900 geo-referenced crop-nutrient response functions determined from results of field research conducted in subSaharan Africa (http://agronomy.unl.edu/OFRA), were applied in determining response functions from limited data (Wortmann et al., 2017a) . For determination of P response functions with nutrient rates of 0, 7.5, and 15 kg ha -1 , the yield increment with 22.5 kg ha -1 P was assumed to be 12.5% of the greatest yield gain from the applied P treatments. Coefficients a, b, and c were then determined as above. For N and K, there were only the 0 rate and another level which gave a magnitude of yield change with the one level of applied nutrient. The yield response was assumed to be curvilinear with the first, second, and third rate of application (Table 2) assumed to account for 57, 26, and 12% of the coefficient b value with 5% of coefficient b to be achieved with higher nutrient rates. Coefficient a was the sum of coefficient b and the zero nutrient yield and coefficient c was again determined according to the best fit of the predicted and determined yields but varied little because of the assumptions applied in determining coefficient b.
relating intercrop response to Sorghum Sole crop response
Data from the six SY of on-station research in Niger were further analyzed to establish the basis for determining intercrop response functions from established SSC functions. This was done for grain/pod yield alone and for grain/pod plus fodder yield. The crop residue is highly valued for livestock fodder, especially groundnut residue. While retaining the residue in the field is likely to result in increased yields in the following year (Mason et al., 2014) , this is not feasible for most farmers as the fields are open to uncontrolled grazing during much of the dry season. The net value of sorghum fodder was assumed to be 10% of sorghum grain value and groundnut fodder to be 35% of unshelled groundnut pod value; therefore fodder yield was expressed on a grain/pod value equivalent basis.
This data analysis included conversion of groundnut pod yield to sorghum grain yield value equivalent. The analysis was done using ratios of groundnut pod value to sorghum grain value (GnSo) ranging from US$1 to 4.5 kg -1 (US$ kg -1 ) -1 . Similarly, the values of the sorghum and groundnut fodder were converted to a sorghum grain value equivalent. The overall asymptotic functions for P, N, and K were determined for SSC and for sorghum and groundnut intercrop, both for grain/pods alone and combined with the value of the fodder, and then for the combined intercrop yield for each GnSo. Linear equations were developed for estimating the coefficients a, b, and c of the intercrop asymptotic functions for P, N, and K by adjusting the SSC coefficient with the GnSo as an independent variable.
Economically Optimal Rates
The economically optimal nutrient rates, that is, the nutrient rates with the highest net returns to nutrient application per hectare were determined for each GnSo with CP of P use equal to 5, 10, 15, 20, and 25 and CP of N or K use equal to 2, 4, 6, 8, and 10 . Polynomial equations were developed for determining intercrop EOR with GnSo and CP as independent variables. Profit was calculated as the difference in the value of the yield increase and cost of nutrient application, all expressed in sorghum grain value equivalent. The profit/cost ratio was simply profit divided by cost of nutrient application, again on a sorghum grain value equivalent basis.
reSultS
Sorghum Sole crop grain and fodder yield
The mean sorghum grain and fodder yields for the Mali on-farm trials and the Niger on-station and on-farm trials were, respectively, 1.17 and 3.90, 0.97 and 2.04, and 1.37 and 2.04 Mg ha -1 . The SY × treatment interaction was not significant for the Mali trials and the on-farm trials in Niger but was significant for both sorghum grain and fodder yield with the six on-station trials in Niger (Table 3 ). All sets of trials had significant treatment effects. The diagnostic treatment did not have a significant effect in the combined analysis for each of the three sets of trials.
In Mali, sorghum grain and fodder yields were affected by P and N rates but not by P × N, K rate, and by any interactions with SY (Table 3) . Application of P increased grain yield by 35% and fodder yield by 31% (Table 4) . Grain yield was increased by 37% and stover yield was increased by 42% with N application. Application of K did not affect grain and fodder yields. The 18 and 10% increases in grain and fodder yield with the diagnostic treatment were not significant.
In the Niger on-farm trials, sorghum grain and fodder yield were increased by 46 and 48% with P application, and by 35 and 48% with N application, respectively, but were not affected by K application (Table 4 ). The diagnostic treatment did not affect yield compared with only N, P, and K applied.
Sorghum grain and fodder yields were increased with nutrient application in all on-station trials conducted in Niger, with the exceptions of Konni in 2014 where yield was very low and fodder yield in Maradi in 2014 (Table 4, Fig. 3) . The overall responses to P and K were not significant. Application of N resulted in 12 to 116% more grain yield and 11 to 60% more fodder yield compared with 0 kg ha -1 N. The N × SY interaction effect on grain yield was due to linear or quadratic effect of N only at Bengou with no consistent rate effect at Konni and Maradi. The N × P interaction affected fodder yield with yield increased by 44% with P application and 0N but no significant response to P with a uniform application of 40N. The effect of K application was significant only for grain yield at Bengou in 2015. The diagnostic treatment increased grain yield by 77% at Maradi in 2015 but the effect on grain and fodder yield was not significant for other SY. **Significant at P ≤ 0.01. *** Significant at P ≤ 0.001. † ns, not significant. ‡ The diagnostic treatment applied N, P, K, Mg, S, Zn, and B and was compared to a treatment with the same rates of N, P, and K. § Contrasts were used to determine the effects of: the diagnostic treatment; N and K rates; nutrient application on intercrop grain (***) and fodder yield (*) over all SY and at Bengou in 2014; and intercrop compared with sole crop effect on sorghum grain (*) and fodder (***) yields. OST refers to on-station trials. ‡ The P × N interaction affected fodder yield due to a greater response to P with 0 compared with 40 kg ha -1 N applied. The N × SY interaction affected grain yield due to linear effect at Bengou in 2014, a quadratic effect at Bengou in 2015, and no N effects for other SY.
intercrop grain and fodder yield Sorghum grain yield was reduced with intercropping at Bengou in 2014 and 2015. Sorghum fodder yield was less with intercropping compared with sole crop at Bengou and Maradi in 2014. The mean SSC grain and fodder yield increases with 20 kg ha -1 N applied were 27 and 8% compared with 17 and 46% for sorghum intercrop, respectively (Table 5, Fig. 3 ). Average SSC grain and fodder yield with 7.5 kg ha -1 P applied was increased by 56 and 45% compared with 5 and -23% for sorghum intercrop. The SSC and intercrop responses were generally curvilinear except for frequent linear N and P responses for the on-farm trials in Niger (Table 6 ).
The mean projected maximum increases with P, N, and K applied to intercrop groundnut are 24, 20 and -10% for pod yield and 30, 32, and 4% for fodder yield, respectively (Table 5) . Intercrop groundnut pod yield was increased with P application at Bengou and Konni in 2014 and fodder yield was increased at Maradi in 2015. The coefficients for curvilinear to plateau response functions are presented in Table 6 .
intercrop response functions and net returns
Total productivity was greater with intercropping compared with the SSC with groundnut contributing significantly to the grain/pod harvest (Fig. 3) . The sorghum grain equivalent value with intercropping increased greatly as GnSo increased (Fig. 4) and was 278% more for intercrop compared with SSC when GnSo was 2 (GnSo2). Fodder added 23% to the value of SSC and 30% to the value intercrop harvests. The coefficients of asymptotic functions (a, b, c) of the sorghum-groundnut intercrop for N, P, and K applied can be estimated by adjusting the SSC response coefficients using linear functions with GnSo as an independent variable (Table 7) .
The economically optimal rate (EOR) for P and N varied with CP and GnSO (Fig. 4) . Application of K could be only profitable at low rates for SSC if the value of fodder was considered. The CP greatly affected EOR but had much less effect on yield. For the case of GnSo4, considering grain/pod yield only, the EOR of P ranged from 12 to 22 kg ha -1 with just 5.8% more yield increase with the higher rate. Similarly, the EOR of N ranged from 23 to 60 kg ha -1 and the yield increase was 9.5% more with the higher EOR. Similarly, for grain/pod plus fodder yield, the intercrop EOR for P ranged from 9 to 20 kg ha -1 with 3.3% yield difference, and the intercrop EOR for N ranged from 0 to 48 kg ha -1 with 5.9% difference in yield. The regression equations for determination of the P and N EOR with intercropping considering grain only and grain plus fodder with GnSo and CP as independent variables were: Fig. 3 . Sorghum sole crop (SorSC) and sorghum groundnut intercrop (SorIC Gnut) grain/pod yield (left) and grain/pod plus fodder (right) with responses to applied N, P and K determined from six on-station trials conducted in Niger in 2014 and 2015. The level of significance (ns, *, *** indicating not significant and significant at P = 0.05 and 0.001, respectively) and LSD 0.05 values are presented in the legends. Table 5 . Intercrop sorghum and groundnut grain/pod and fodder yield (Mg ha -1 ) response to applied N, P and K in 2014 and 2015 for six on-station trials in Niger. † NwP, response to N was determined with 22.5 kg ha -1 P applied; KwNP, response to K was determined with 40 kg ha -1 N and 22.5 kg ha -1 P applied. ‡ The a, b, c coefficients are for the asymptotic function of Y = a-bc^r; only a and b are given for linear functions. The units for coefficients a and b are Mg ha -1 . Functions were determined from treatment means including for cases of nonsignificant nutrient rate effects. Table 7 . Equations for estimating sorghum-groundnut intercrop response coefficients by adapting the sorghum sole crop (SSC) nutrient response coefficients with the groundnut pod to sorghum grain value ratio (GnSo) as the independent variable. Grain/pod yield Grain/pod plus fodder yield For GnSo2 with CP of 20 for P the net gain in sorghum grain equivalent value at EOR of P was 54.0 kg kg -1 of P with a profit/ cost ratio of $1.7 $ -1 for grain/pod yield. Similarly, for GnSo2 with CP of 9 for N, the net gain in sorghum grain equivalent value was 8.7 kg kg -1 of N with a profit/cost ratio of $0.96 $ -1 for grain/pod yield. With these conditions but considering grain/pod plus fodder yield, the mean net gain in sorghum grain equivalent value was 54.1 kg kg -1 P with a profit/cost ratio of $1.7 $ -1 and the mean net gain in sorghum grain equivalent value was 0.7 kg kg -1 N with a profit/cost ratio of $0.08 $ -1 . At what might be considered a microdose rate of 5 kg P ha -1 applied, the mean intercrop profit to cost ratio increased to $3.8 $ -1 for grain/pod yield and to $3.5 $ -1 for grain/pod plus fodder yield with GnSo2 and CP of 20. The mean intercrop profit to cost ratio for 10 kg N ha -1 was $2.6 $ -1 for grain/pod yield with GnSo2 and CP of 20.
diScuSSion
Sole crop and intercrop grain and fodder yield
Crop yields were generally low and sometimes associated with low plant stands such as for Konni in 2014. Relatively high fodder compared with grain yield, especially for the Mali trials (Table 4) , indicates that the crop often encountered severe stress during grainfill, sometimes due to soil water deficit (Fig. 1) . Such low yields are common for the Sahel and the Sudan Savanna which offer only marginal opportunities for sorghum and groundnut production, and where pearl millet and cowpea production is better adapted (Ministère de l'Agriculture/Direction des Statistiques Agricoles, 2014). However, the mean SSC grain yields with N and P applied are only about 25% of an estimated mean water limited sorghum grain yield potential of 3.3 Mg ha -1 for Niger (www.yieldgap.org).
Grain yield responses to applied nutrients were often small as might be expected where constraints to crop growth prevail over Fig. 4. (left) The sorghum sole crop and the sorghum-groundnut intercrop grain/pod yield and (right) grain/pod plus fodder response on a sorghum grain yield equivalent with the value of groundnut relative to sorghum grain ranging from 1 (GnSo1) to 4 (GnSo4). The symbols indicate the economically optimal nutrient rate with the diamond, circle, triangle, square, and X representing the cost of P use equal to 5, 10, 15, 20, and 25 kg of sorghum grain, and the cost of N or K use equal to 2, 4, 6, 8, or 10 kg of sorghum grain, respectively. NwP and KwNP mean that the responses to N and K were determined with 22.5 kg ha -1 P and with 22.5 kg ha -1 P and 40 kg ha -1 N applied, respectively. nutrient deficiencies. The increase in fodder yield was on average about 200% of the grain yield response to N and P further indicating that stresses other than nutrient deficiencies, likely included soil water deficits during grain fill (Fig. 2) . Grain and fodder yield responses were similar for both sorghum and intercrop groundnut. The sorghum yields and yield increases with nutrient application reported here were low in comparison with mean results reported by Pandey et al. (2001) , with the results compiled by Toure and Dicko (unpublished, 2013) , and with results from Uganda (Kazzi et al., 2012a) , but the response to P was great compared with that reported by Buah et al. (2012) . Intercrop groundnut response to P was similar to sole crop responses reported by Naab et al. (2009) , Kamara et al. (2011), and Bationo et al. (1991) . The mean groundnut intercrop yield increases due to applied N of 0.21 Mg ha -1 for pod yield and 0.64 Mg ha -1 for fodder yield, and the negative effect of applied K on groundnut yields contrast with a negative effect of N and a positive effect of K on groundnut sole crop yield reported by Lombin et al. (1985) .
With all Niger and Mali trial sites, soil test K was less than 0.25 cmol kg -1 except at Bema and of low availability (Table 1) . Other constraints, even with N and P applied, apparently were more limiting than low K availability. The negative grain yield responses to applied K for intercrop cannot be explained from available data ( Fig. 3 and 4) . Negative effects of applied K, however, are commonly observed when K deficiency is not a major constraint to crop growth. For example, in a review of maize response to K over a large number of trials conducted in sub-Saharan Africa, 18% of the trials had yield losses >0.1 Mg ha -1 (Wortmann et al., 2017a) . It is unlikely that the salt effect of K application caused the mean yield decline with intercrop which did not occur on average for SSC, as fertilizer K application was after seedling emergence with care to avoid placement within 5 cm of the plants.
The lack of yield response to the diagnostic treatment does not indicate that Mg, S, Zn, and B were abundantly available but does indicate that other factors such as soil water deficits were more constraining to crop yield than were deficiencies of these nutrients (Tables 3-5 ). The 2.5 Mg ha -1 of manure applied to the on-station trials in Niger contained means of 5.8, 2.1, 0.12, and 0.05 kg ha -1 for Mg, S, Zn, and B, respectively which may have reduced response to the diagnostic treatment. Overcoming other constraints such as through irrigation to allow for much higher yields may result in yield response to application of one or more of these nutrients such as for cases of low soil test Zn in Mali (Table 1) .
Intercropping was expected to reduce sorghum yield relative to sole crop but mean grain yield was not consistently affected (Tables  5 and 6 ). The difference was significant each year at Bengou, but 1 yr with a higher and the other year with a lower intercrop compared with SSC grain yield. The grain yield increase with P application was greater for SSC compared with intercropped sorghum. Sorghum fodder yield response to P application was positive in SSC but negative for intercrop. Sorghum fodder yield was 20% more with intercropping compared with SSC, and the difference was greater without compared to with P applied. The increase in intercrop groundnut fodder yield with both N and P application indicate increased competitiveness of groundnut which may have reduced intercrop sorghum response to applied nutrients.
The intercrop groundnut pod yield was greater than SSC and intercrop sorghum grain yield (Fig. 2) . The value of groundnut pods and fodder were great compared with sorghum. Therefore, the value of the intercrop production was very much dependent on the groundnut component.
economic considerations and determination of Intercrop Response Functions
Profit opportunity with N and P applied to SSC were relatively small compared with the intercrop when CP is relatively low and when GnSo is relatively high (Fig. 4) . Fertilizer K should not be applied to the intercrop and to SSC only at low rates when fodder harvest is important. The profit per hectare from fertilizer use is on average maximized when application is at EOR. However, profit/ cost ratios can be greatly increased with application at less than EOR without much yield loss. For example, with GnSo of 2 and CP of P use equal to 10, the sorghum grain value equivalent yield of intercrop is 3.92 Mg ha -1 with a profit/cost ratio of 5 at 100% EOR, but 3.72 Mg ha -1 with a profit/cost ratio of 8.7 with 50% of EOR. This needs to be a major consideration for financially constrained farmers need high profit/cost returns for their small investments to improve their financial situation to increase future fertilizer rates and eventually approach EOR. The results support the concept of microdose fertilizer use (Tabo et al., 2011; Bagayoko et al., 2011) in the short term although nutrient depletion will increase as the intercrop with fodder harvest will remove more nutrients than applied. For microdose application to be sustainable, farmers need to take advantage of high profit/cost ratios to improve their financial capacity and gradually increase the fertilizer rates to EOR.
The implications of being able to estimate intercrop response functions from SSC functions is great for improving efficiency and profitability of intercrop fertilizer use without greatly increased research. The intercrop to sole crop response function relationship might have been somewhat different with a complete set of intercrop treatments, especially for N, but much less so for intercrop P for which there were three rate levels and for K for which the response was negative. If and when resources become available, research to validate or revise the sole crop to intercrop N response relationship may be justified but the relationship established is of great utility in the meantime. Using results from field research conducted in sub-Saharan Africa, 439 SSC nutrient response functions have been determined and compiled in a database created by the project Optimizing Fertilizer Use in Africa that is available for download at http://agronomy.unl.edu/OFRA. About 50% of these functions were from research completed since 2013 and most were from areas where sorghum-groundnut intercropping is practiced. This data resource with the procedure reported in this article, combined with the use of spatial information (Wortmann et al., 2017b) , enables determination of SSC response functions for sorghum groundnut intercrop response functions throughout sub-Saharan Africa.
concluSion Sorghum sole crop is responsive to N, P and K but rates of application need to be <15 kg ha -1 to be profitable. Application of N and P, but not K, has more profit potential with the sorghumgroundnut intercrop compared with SSC. The intercrop is much more productive compared with SSC production in the Sahel and Sudan Savanna. Giving value to the fodder adds to the intercrop advantage. Nutrient response function coefficients determined for SSC can be used to estimate the response function coefficients for the intercrop using equations with the SSC coefficient and the GnSo as independent variables. The EOR can be easily determined both for SSC and intercrop applying the results of this research. Application of N at EOR is profitable for SSC but the P effect is less consistent and profit potential from N and P application is less with SSC compared with sorghum groundnut intercrop. A much higher profit to cost ratio can be expected for intercrop with microdose rates such as 5 kg ha -1 P and 10 kg ha -1 N compared with EOR.
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